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Maternal dietary resistant starch does not
improve piglet’s gut and liver metabolism
when challenged with a high fat diet
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Abstract
Background: In the past several years, the use of resistant starch (RS) as prebiotic has extensively been studied in
pigs, and this mostly in the critical period around weaning. RS is believed to exert beneficial effects on the
gastrointestinal tract mainly due to higher levels of short chain fatty acids (SCFAs) and an improved microbiota
profile. In this study, sows were fed digestible starch (DS) or RS during late gestation and lactation and the possible
maternal effect of RS on the overall health of the progeny was assessed. Since RS is also described to have a
positive effect on metabolism, and to investigate a metabolic programming of the progeny, half of the piglets per
maternal diet were assigned to a high fat diet from weaning on to 10 weeks after.
Results: No bodyweight differences were found between the four experimental piglet groups. The high fat diet did
however impact back fat thickness and meat percentage whereas maternal diet did not influence these parameters.
The impact of the high fat diet was also reflected in higher levels of serum cholesterol. No major differences in
microbiota could be distinguished, although higher levels of SCFA were seen in the colon of piglets born from RS
fed sows, and some differences in SCFA production were observed in the caecum, mainly due to piglet diet. RNA-
sequencing on liver and colon scrapings revealed minor differences between the maternal diet groups. Merely a
handful of genes was differentially expressed between piglets from DS and RS sows, and network analysis showed
only one significant cluster of genes in the liver due to the maternal diet that did not point to meaningful
biological pathways. However, the high fat diet resulted in liver gene clusters that were significantly correlated with
piglet diet, of which one is annotated for lipid metabolic processes. These clusters were not correlated with
maternal diet.
Conclusions: There is only a minor impact of maternal dietary RS on the progeny, reflected in SCFA changes. A
high fat diet given to the progeny directly evokes metabolic changes in the liver, without any maternal
programming by a RS diet.
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Background
In the past several years, diet supplementation with re-
sistant starch (RS), which acts as prebiotic, has exten-
sively been studied in the pig industry. Prebiotics escape
enzymatic digestion due to their chemical and physical
properties and are fermented in the large intestine.
There, they can promote the establishment of beneficial
microbiota [1]. Most of the studies applying RS in the
diet of pigs at the time of weaning report an improve-
ment of gut health and function [2]. Fermentation of RS
results in an increased amount of short chain fatty acids
(SCFAs). These SCFAs, of which butyrate is the most
beneficial for health, are able to prevent the overgrowth
of pathogenic bacteria, and thus endorse health-
promoting bacteria [3]. Changes in microbial action due
to RS seems to mediate, at least in part, the expression
of pro-inflammatory pathways in caecum and colon [4].
RS in the diet initiates the suppression of both adaptive
and innate immune response pathways in the colon [5].
Fan et al. [6] found that a diet rich in RS would increase
colonic IL10 abundance, which may protect the colon
from developing inflammation.
In addition to playing a role in gut health, RS has been
fairly well characterized for its glycaemic control proper-
ties, elicited by an attenuation of blood glucose and insu-
lin sensitizing properties [7]. Genes related to lipid
synthesis in the liver and adipose tissue were found to
be differentially expressed when comparing pigs fed a
control diet versus those fed a diet rich in RS [8]. If diet-
ary fibre supplementation in addition to improving gut
health also limits the incidence of metabolic disorders
such as non-alcoholic fatty liver disease, then it can have
major implications with regard to overall health [9].
Maternal nutritional programming has been described
to have long term effects, including alterations in intes-
tinal function and defence mechanisms, lasting until
weaning or even until sexual maturity is reached [10,
11]. For example, short-chain fructo-oligosaccharides fed
during the last third of gestation and lactation to sows
improved the progeny’s ileal cytokine secretion and
raised caecal goblet cell numbers as well as the respon-
siveness of the piglets against vaccination [11]. Feeding
polyunsaturated fatty acids to sows 150 days prior to far-
rowing improved intestinal glucose absorption in the
small intestine of the piglets [12]. Pregelatinized waxy
maize starch combined with guar gum as an additive in
the feed of gestating sows was found to reduce intestinal
permeability and inflammation in 14-day-old suckling
piglets [13]. In mice, giving an oligofructose during preg-
nancy and lactation of obese mice improved the metab-
olism in offspring so that they could counteract the
negative nutritional programming associated with mater-
nal obesity [14]. Adding the probiotic Lactobacillus casei
or the prebiotic inulin to a high fructose maternal diet
during pregnancy and lactation could neutralize negative
effects due to the high fructose such as hypertension in
the offspring [15]. So far, research on dietary RS in pigs
is mainly done applying direct supplementation of the
dietary fibre. However, as in aforementioned studies, it is
interesting to see if RS added to the maternal diet during
the gestation and lactation period can improve gut
microbiota, gut health and/or metabolism of the
offspring.
Previously, we investigated if RS could alter the micro-
biota of the sows during late gestation and lactation and
if this alteration would lead to a modified microbiota
profile in the progeny at the time of weaning, and subse-
quently improve gut health. Although RS influenced the
microbiota profile of the sows during gestation, this dif-
ference disappeared at lactation and was also not
reflected in the microbiome of the progeny at the time
of weaning. At the time of weaning, no major differences
were observed in the progeny with regard to gut morph-
ology nor when looking at the expression of selected im-
mune genes [16]. However, in germ-free mice, thus even
in the absence of microbiota, Bindels et al. [17] have
shown that RS alters several bile acids and modulate the
immune function in adipose tissue. Therefore, in this
study, even in the absence of changes in microbiota of
the sows or progeny at time of weaning, we investigated
in more detail the response of a maternal RS diet on the
colon and liver transcriptome of the progeny. To exam-
ine potential metabolic programming, after weaning, a
high fat diet was assigned to half of the offspring, as RS
has also been shown to have direct beneficial effects on
lipid metabolism [18]. Our hypothesis was that giving RS
through a maternal diet, could potentially help regulat-
ing the metabolism of the progeny to such an extent that
piglets cope better with a high fat challenge later in life.
A high fat diet is also known to affect microbiota [19]
and therefore it is possible that an effect of RS will be
observed at the intestinal and/or metabolic level when
piglets are challenged. Besides growth parameters,
carcass traits, SCFA production and microbiota compos-
ition at 10 weeks post-weaning, the metabolic influence
of RS was examined by measuring gene expression in
colon and liver in piglets that received a control or high
fat diet during those 10 weeks after weaning.
Results
Growth performances
Piglets were selected based on similar weights at time of
weaning (28 days old) with an average of 6.17 ± 0.26 kg
for piglets from RS sows and 5.97 ± 0.25 kg for piglets
from DS sows. Neither the maternal nor the piglet diet
impacted the weekly bodyweight gain of the animals
from this moment till slaughtering (Supplementary
Figure 1).
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The HF challenge impacted both back fat thickness
and meat percentage (p < 0.001, Table 1), as challenged
piglets had a higher back fat thickness (5.9 ± 0.2 mm for
CON piglets vs 7.9 ± 0.4 mm for HF piglets) and subse-
quent lower meat percentage (63.5 ± 0.3% for CON pig-
lets vs 62.0 ± 0.3% for HF piglets). Muscle thickness was
not impacted by the maternal or high fat treatments.
Cholesterol and triglycerides analyses
Total cholesterol, triglycerides and HDL concentrations
increased with HF challenge (Table 2), while the ratio of
LDL over total cholesterol decreased. Moreover, levels of
LDL were lower for piglets born from RS sows com-
pared to DS sows, leading to a lower LDL/TC ratio for
these piglets.
Short chain fatty acids (SCFAs)
Maternal treatment impacted the total production of
SCFA in the caecum and proximal colon of the piglets
(Table 3), piglets born from RS sows having a higher
SCFA production than piglets born from DS sows. How-
ever, in the caecum, an interaction between sow and pig-
let treatment was observed (p = 0.04) as only within the
HF treatment, pigs born from RS sows had a signifi-
cantly (p < 0.01) higher total SCFA production than pigs
born from DS sows. In the caecum of piglets, acetate
and propionate productions were impacted by the high
fat challenge, as propionate production was increased in
challenged pigs at the expense of acetate. In the distal
colon, acetate production was affected differently de-
pending on sow treatment (interaction effect p = 0.02):
within the DS pigs, challenged pigs had a significantly
lower acetate production (p = 0.048) than CON pigs;
within the HF treatment, RS derived HF piglets had a
significantly higher acetate production than DS derived
HF piglets (p = 0.03). Butyrate production was not af-
fected by either treatment within all intestinal segments.
Microbiota composition
No significant differences in microbiota diversity or rich-
ness were observed between maternal and piglet dietary
treatments (p < 0.10). The global microbiota composition
was not affected by the sow or piglet treatment, as ob-
served by the PCoA in the Fig. 1. At the phylum level,
this was translated by no impact of sow diet or HF chal-
lenge on the relative abundance of the different phyla
with a relative abundance of more than 0.05%, as pre-
sented in Fig. 2a. The ratio between Firmicutes and Bac-
teroidetes was not impacted (p > 0.05) by the sow or
piglet treatments (1.71 ± 0.18 for DS CON; 1.39 ± 0.09
for DS HF; 1.58 ± 0.14 for RS CON; 1.64 ± 0.14 for RS
HF). Also on the family and genus level no significant
differences were seen when looking at those families and
Table 1 Back fat thickness (mm), muscle thickness (mm), meat percentage (%) and bodyweight (kg) of piglets after the high fat
challenge (n = 9 for DS CON, DS HF, RS CON and n = 11 for RS HF)
Treatment Back fat thickness Muscle thickness Meat percentage Bodyweight at 10 weeks Post-weaning
DS CON 6.0 42.3 63.5 37.6
DS HF 7.1 44.0 62.7 35.4
RS CON 5.8 40.6 63.4 38.0
RS HF 8.5 42.5 61.5 36.2
Global SEM 0.3 1.0 0.2 0.9
P-values
Maternal treatment 0.22 0.43 0.11 0.73
Piglet treatment < 0.001 0.37 < 0.001 0.28
Interaction 0.10 0.94 0.19 0.92
DS CON digestible starch maternal diet combined with a control piglet diet, DS HF digestible starch maternal diet combined with a high fat piglet diet, RS CON
resistant starch maternal diet combined with a control piglet diet, RS HF resistant starch maternal diet combined with a high fat piglet diet, SEM standard error to
the mean
Table 2 Total cholesterol (mg/dl), triglycerides (mg/dl), high
density lipoprotein (mg/dl), low density lipoprotein (mg/dl) and
ratio in fasted pigs’ serum after 6 weeks of HF challenge (n = 7/
treatment)
Treatment TC TG HDL LDL ratio LDL/TC
DS CON 95.3a,b 40.7b 46.3b 40.8a 42.6a
DS HF 105.3a 44.0b 58.7a 37.8a,b 35.9b
RS CON 86.4b 38.3b 43.8b 35.0ab 40.4a,b
RS HF 101.7a 54.0a 59.6a 31.3b 30.1c
Global SEM 2.66 1.91 1.90 1.55 1.27
P-values
Maternal treatment 0.21 0.26 0.78 0.05 0.04
Piglet treatment 0.01 < 0.01 < 0.001 0.27 < 0.001
Interaction 0.59 0.07 0.53 0.90 0.35
a, b Between treatments for every parameter measured, values having a
different superscript letter are significantly different (p < 0.01)
DS CON digestible starch maternal diet combined with a control piglet diet, DS
HF digestible starch maternal diet combined with a high fat piglet diet, RS
CON resistant starch maternal diet combined with a control piglet diet, RS HF
resistant starch maternal diet combined with a high fat piglet diet, SEM
standard error to the mean. TC total cholesterol, TG triglycerides, HDL high
density lipoprotein, LDL low density lipoprotein
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genera with a relative abundance of more than 0.05%
(Fig. 2b, Fig. 2c).
Genes identified by DE analyses
After inspection of the datasets, for both the colon mu-
cosal dataset as well as the liver dataset, one sample was
dropped (Supplementary Figure F2A and F2B). For both
datasets it belonged to a piglet that received a control
diet and whose mother received an RS diet, although it
was not the same piglet for both tissues. DE analyses
were therefore performed between 16 DS and 15 RS pig-
lets for the sow treatment comparison and between 15
CON and 16 HF piglets for the piglet treatment com-
parison. In the colon mucosal dataset, the greatest differ-
ences were found between the groups that received a
different maternal diet (Additional file 4). A total of 12
genes were found to be significantly differentially
expressed, with 4 genes more expressed in the RS group
compared to the DS group, and 8 genes more expressed
in the DS group versus the RS group. In the liver, with
regard to the maternal diet, 10 genes were upregulated
in the RS group compared to the DS groups and 12
genes were more expressed in the DS group. Between
piglet treatments, the liver showed a more distinct DE of
genes. One hundred ninety-two genes were overex-
pressed in the piglets that received a high fat diet com-
pared to those that got the control diet. Two hundred
twenty genes were more expressed in the CON group
compared to the HF group. Nevertheless, the list of
overrepresented genes in either the CON or HF group
exposed not many meaningful GO terms. We confirmed
two genes, ASNS and ELOVL2, that were two-fold up-
regulated in the HF group using qPCR. This resulted in
an upregulation of 1.74 for ASNS (p < 0.001) and of 2.09
for ELOVL2 (p < 0.001). An overview of the functional
enrichment in liver between the CON and HF group is
shown in Additional file 5.
Significant co-expressed gene modules identified using
WGCNA
To obtain scale-free topology networks that featured a
suitable amount of node connectivity, the soft threshold
Table 3 Total SCFA production and molar ratios of acetate, propionate and butyrate in the large intestinal contents of the piglets
born from DS or RS sows and fed CON or HF diets
Maternal treatment Piglet treatment Total SCFA (mg/g) % acetate % propionate % butyrate
Caecum DS CON (n = 8) 9.24ab 62.49 27.03 10.08
HF (n = 9) 7.62b 59.18 29.5 9.73
RS CON (n = 9) 9.29a 59.52 28.24 10.19
HF (n = 12) 10.09a 56 29.89 9.19
Global SEM 0.31 0.85 0.44 0.27
P-values P sow 0.03 0.06 0.36 0.70
P piglet 0.48 0.04 0.02 0.23
P interaction 0.04 0.95 0.64 0.55
Proximal colon DS CON (n = 8) 8.89 60.4 28.02 10.54
HF (n = 9) 8.76 58.3 28.55 10.26
RS CON (n = 9) 9.58 59.3 28.69 10.53
HF (n = 12) 10.29 56.2 29.31 9.5
Global SEM 0.23 0.76 0.46 0.27
P-values P sow 0.01 0.30 0.47 0.49
P piglet 0.50 0.09 0.56 0.24
P interaction 0.33 0.74 0.96 0.50
Distal colon DS CON (n = 8) 7.93 55.01a 22.64 14.23
HF (n = 9) 8.89 51.03b 23.23 16.24
RS CON (n = 9) 9.35 52.51ab 21.97 16.36
HF (n = 12) 8.61 54.91a 22.95 15.11
Global SEM 0.22 0.68 0.36 0.44
P-values P sow 0.19 0.60 0.53 0.57
P piglet 0.80 0.55 0.29 0.67
P interaction 0.06 0.02 0.79 0.07
DS digestible starch diet, RS resistant starch diet, CON control diet, HF high fat diet, SCFA short chain fatty acids
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chosen was set at 10 for the colon mucosal dataset and
at 4 for the liver tissue dataset. In the colon mucosal
dataset, there were 21 modules created. None of these
modules were significantly correlated with sow treat-
ment. However, one module (royalblue) was significantly
correlated with piglet treatment (p = 0.02) as well as with
back fat thickness (p = 0.04) and meat percentage (p =
0.03) (Fig. 3). For this module the genes showed an over-
all lower expression in the HF piglets compared to the
CON piglets and their expression levels were negatively
correlated with back fat thickness and positively corre-
lated with meat percentage, which is in concordance
with the direct effect the HF diet has on back fat thick-
ness and meat percentage. In the liver dataset there were
in total 22 modules of which 1 module was significant
for sow treatment (blue, p = 0.02) and 6 were significant
for piglet treatment (pink, p = 0.02; greenyellow, p =
0.006; green, p = 0.02, grey60, p = 0.01; purple, p = 0.004;
turquoise, p = 0.04) (Fig. 3). For these 6 modules, back
fat thickness and meat percentage showed an expected
pattern with a correlation in the same direction for back
fat thickness and in the opposite direction for meat per-
centage, albeit not always showing a significant correl-
ation. Correlation values of additional modules are
shown in Supplementary Figures 3A and 3B. An over-
view of all the functional gene ontology terms that are
overrepresented or underrepresented in the significant
modules (p < 0.05) for the colon mucosal or liver dataset
is given in Additional file 6.
Combining cholesterol and triglycerides analyses with
WGCNA analyses
Of the 31 animals of which liver samples were analysed
using WGCNA, 26 had cholesterol values measured. For
these 26 animals, the eigenvalues of all significant mod-
ules for piglet treatment were correlated with the choles-
terol values TC, TG, HDL, LDL and LDL/TC. Figure 4
highlights the 6 modules in the liver dataset that were
significant for piglet treatment with regard to their cor-
relations with specific phenotypes for these 26 animals.
This figure shows the correlations between these mod-
ules and the cholesterol values measured. In addition,
the correlations between the modules and back fat thick-
ness and meat percentage are shown since Table 1 re-
vealed that HF diet was significantly different for these
phenotypic measurements. The correlations with back
fat thickness and meat percentage for these 26 animals
were the same as for the 32 animals measured and re-
ported in Fig. 3.
Combining DE analyses with WGCNA analyses
In the liver, a total of 412 genes were DE due to piglet
treatment. When comparing this DE list with the list of
different WGCNA modules in the liver, it could be
Fig. 1 Principal component analysis of the microbial composition of the colonic contents. Every dot represents one of the 32 piglets analysed: 8
DS CON piglets (red), 8 DS HF piglets (blue), 8 RS CON piglets (orange) and 8 RS HF piglets (green)
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Fig. 2 Proportion of the main abundant phyla (a), families (b) and genera (c) in the different pig groups (n = 8/treatment). Only phyla, families and
genera with a relative abundance higher than 0.05% are displayed. Dashed lines in Fig. 2b and Fig. 2c separate phyla. F=Firmicutes, B=Bacteriodetes,
P=Proteobacteria, A = Actinobacteria, S=Spirochaetes
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noted that for the purple module, which was annotated
for GO terms such as lipid metabolism, 52 genes of the
in total 271, or 19%, were in common. When looking at
all other modules in relation to the DE list for piglet
treatment in the liver dataset, this module is in percent-
age terms the strongest present in the DE list, followed
by the greenyellow (12%), green (7%), grey60 (6%), pink
(5%) and turquoise (5%) module (Fig. 5). These modules
were expectedly the ones that had the largest absolute
correlation values with piglet treatment. All the
remaining modules had between 0 and 2% of their genes
present in the DE list.
Fig. 3 Overview of correlations of the significant modules in colon and liver. Correlations were calculated between the eigenvalue of the module
and traits of interest: sow treatment (DS as 0, CON as 1), piglet treatment (CON as 0, HF as 1), piglet weight, backfat thickness, muscle thickness
and meat percentage
Fig. 4 Correlations between the 6 significant WGCNA modules for piglet treatment in the liver dataset with piglet treatment (CON as 0, HF as 1)
with back fat thickness and meat percentage, as well as total cholesterol (TC), triglycerides (TG), high density lipoprotein (HDL), low density
lipoprotein (LDL) and ratio (LDL/TC) in pigs’ fasted serum after 6 weeks of HF challenge
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Discussion
Feeding RS is described to boost the immune system,
mainly by influencing microbiota composition and in-
creasing the production of beneficial SCFA such as butyr-
ate due to these microbial changes [20]. Studies on the
direct immunomodulatory effects of RS are rare, but it is
also known that non digestible carbohydrates could bind
to specific receptors on cells of the immune system and
act in a microbiota-independent way on the immune sys-
tem [21]. Due to the direct and indirect positive effects on
the immune system, and as an attractive alternative to an-
tibiotics to improve animal health, RS has been studied as
prebiotic in pig feed [4, 22]. However, to our knowledge,
not much work has been done on the maternal impact of
RS on the metabolism and the microbiota of the progeny.
Therefore, we designed an experiment given RS or DS to
sows during late gestation and lactation and looked at the
impact on the progeny.
First of all, piglet performance at the time of weaning,
measured by body weight and intestinal morphology, did
not expose any improvements [16]. We found that this
absence of weight differences continued every week after
weaning till 10 weeks post-weaning, even when piglets
were provided a high fat diet. With regard to microbiota
differences, Leblois et al. (2018) described microbial dif-
ferences during gestation in the sows of our experiment,
which translated in a higher Firmicutes to Bacteroidetes
ratio, but these changes disappeared during lactation
[16]. This is contradictory with Yan et al. [23], who also
fed RS as a maternal diet, but noted a distinct microbial
profile between their two groups of sows of low RS and
high RS at the end of their lactation period. This could
be due to the fact that the RS in our study has been
given at another period during gestation. While Yan
et al. [23] provided the RS diet from 30 days to 108 days
of gestation, in this study, sows were fed the RS at the
late gestation starting at day 88 and during the lactation
period. Another difference is the source of RS. While in
the study by Yan et al. [23] the RS came from amylose
corn, our RS source was pea starch. We chose to give RS
in late gestation and lactation since similar studies have
shown potential maternal dietary effects given during
this period [11, 24, 25]. When looking at the progeny,
no major differences in microbial community were
found, not at the moment of weaning [16], nor at 10
weeks post-weaning. This lack of major microbial differ-
ences in the progeny agrees with Arnal et al. [26] who
fed antibiotics during late gestation and lactation and
did not see any impact on the offspring’s colonic micro-
biota in the short or longer term.
Even though the microbiota was not affected by the
maternal diet, the total SCFA production was higher in
Fig. 5 Overlap between modules and DE expressed genes for piglet treatment in liver dataset. The coloured bars represent the percentage of
genes in a module that are differentially expressed in the liver between piglets that received a control diet (CON) and those that received the
high fat diet (HF). Modules that were significantly correlated with piglet treatment were pink (p = 0.02), greenyellow (p = 0.006), green (p = 0.02),
grey60 (p = 0.01), purple (p = 0.004) and turquoise (p = 0.04)
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piglets born from RS sows. This is in line with Le Bour-
got et al. [27] who fed short chain fructooligosaccharides
to sows and did not immediately see differences between
groups of piglets during the suckling phase, but reported
higher SCFA production after weaning at day 90. Rather
than looking at the microbial profile, it could therefore
also be of interest to look at the metatranscriptome, to
investigate possible differences in the function of the
bacteria.
Gene expression analyses through RNA-seq with re-
gard to maternal RS during late gestation and lactation
resulted in only a relative small number of genes DE in
both liver and colon, which did not allow us to perform
any meaningful functional annotation or pathway ana-
lyses. One set of genes in the liver however was signifi-
cantly negatively correlated with maternal treatment.
This module counted 1867 genes (blue module, p =
0.02), but was not enriched for genes involved in im-
mune function or lipid metabolism, even though these
gene ontology terms are often reported when examining
the direct dietary effect of RS to pigs [4, 5, 8, 28, 29].
It is not surprising that a more distinct transcriptomic
difference between CON and HF piglets was found since
this dietary treatment was a direct treatment given to
the piglets themselves as opposed to the maternal diet. It
can however not be excluded that transcriptomic differ-
ences or the differences found in parameters such as
back fat thickness, meat percentage or cholesterol mea-
surements between the high fat and control diet were
not only due to the fat content of the diet, but were also
a reflection of differences in feed intake, although this
was not measured during the experiment. The most sig-
nificant module of genes correlated with piglet treatment
was found in the liver (purple module, p = 0.004) and
was annotated with terms such as lipid metabolic
process, fatty acid beta-oxidation, fatty acid metabolic
process and fatty acid biosynthetic process (Additional
file 6). Figure 5 shows that this module has also the most
overlap with the list of DE genes. Fifty-two genes in this
module were also significantly DE when comparing HF
with CON diet and 33 of those were significantly down-
regulated in the HF diet, while 19 were significantly up-
regulated in the HF diet. The module’s eigenvalue was
negatively correlated with piglet treatment which means
that the overall expression of the 271 genes in this mod-
ule was lower in those animals that received the HF diet,
however, that does not mean that individual genes in
this module were always lower expressed due to the HF
diet. When looking at maternal diet, this module showed
a trend (p = 0.08) towards significance for maternal
treatment, with a positive correlation towards the RS
diet. This would mean that this cluster of genes would
be more explicit in those animals whose mother received
the RS diet.
One of the genes that belonged to the intersection of
DE genes and the genes in the purple module and that
was upregulated in the HF piglets, was the gene translat-
ing in Asparagine Synthetase (ASNS); which was previ-
ously reported to be upregulated in the liver of mice fed
a high-fat diet [30]. Another gene encoded for Fibroblast
Growth Factor 21 (FGF21), and was more than 4-fold
higher expressed in the HF animals. Subcutaneously
injected FGF21 has been described to decrease food in-
take to 50% and therefore reduce body weight in mini-
pigs [31]. FGF21 regulates triglyceride metabolism and it
is shown that overexpression of FGF21 finally would
lead to a decline in lipid accumulation [32]. FGF21 is
also found to increase insulin sensitivity and endogenous
FGF21 is believed to protect obese individuals against in-
sulin resistance [33, 34]. Another gene belonging to the
purple module was the gene for Elongation of Very Long
Chain Fatty Acids protein 2 (ELOVL2), which showed a
two-fold upregulation due to the HF diet. In trout,
ELOVL2 was upregulated in the intestine in the genetic
line selected for high fat content [35]. ELOVL2 was also
found to be a hub gene for a module of co-expressed
genes that was significantly correlated to insulin secre-
tion regulation [36]. It seems as if the overexpression of
genes such as FGF21 and ELOVL2 in our experiment
are a means for the animal to cope with the metabolic
impact of a HF diet. Other genes, whose expression was
downregulated in the HF diet group also interfered with
insulin mediated glucose uptake. FETUB, for instance, is
involved in the insulin uptake regulation [37]. Elevated
levels of fetuin-B, translated by the FETUB gene, have
been described as associated with insulin resistance [38].
Other genes that were significantly downregulated due
to the HF diet were for example PKLR and FMO1. The
pyruvate Kinase (PKLR) gene shows significant associa-
tions with Type 2 Diabetes [39]. Flavin containing
monooxigenases activity and FMO mRNA levels were
elevated in diabetic rats [40]. A possible explanation for
these upregulated genes in our CON piglets compared
to the HF piglets could lay in the fact that the CON diet
contained 10% maize starch while in the HF diet this
was substituted by 10% palm oil.
The second most significant module was also found in
liver due to piglet treatment. The greenyellow module
(p = 0.006) had immune system process and immune re-
sponse as the most significant GO terms. The module
counted 204 genes. Using Gorilla, it could be noted that
this cluster was pointing more towards the adaptive im-
mune system with a positive regulation of lymphocyte
activation, with genes such as CD38, CD1D, MAP3K8,
CCL5, LCK, CD40, HAVCR2, TNFSF13B, ICOS, BTK,
IL7R, CD86, and CD80. The expression of these genes
showed an overall higher level in the piglets receiving
the HF diet. Pathway analysis showed an inflammation
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mediated response through chemokine and cytokine sig-
nalling as well as T cell activation. Indeed, T cells play
an important role in liver diseases [41, 42]. However, this
module was not significantly (p = 0.5) correlated with
maternal diet, meaning that this cluster of genes would
be showing the same expression pattern, regardless of
maternal diet.
Another immune function annotated module was the
royal blue module in the colon dataset, which was signifi-
cantly correlated with piglet treatment and counted 37
genes. This module was enriched for the immune func-
tions ‘response to interferon gamma’. The module shows
an overall higher expression of these 37 genes in the con-
trol group compared to the HF group. Genes amongst
those belonging to this module were for instance PSME1,
PSMB8, PSMB9, IL15, NOS2, UBD, NLRC5, ARSA,
GBP1, GBP2, IRF1, TAP1, TAP2, TAPBP, and GM2A.
However, none of these genes was differentially expressed.
Correlating the eigengene of this royal blue module with
the expression values of IFNG results in a positive correl-
ation coefficient of 0.59. IFNG itself was also not DE, and
did not belong to a module. Again, no correlation was
seen with maternal diet (p = 0.8).
In summary, only a handful of genes were DE in liver
due to maternal diet and only one set of genes in the
liver was significantly negatively correlated with the ma-
ternal treatment (blue module). Both these lists of genes
did not reveal any clear functional annotation. There-
fore, it seems that, under the tested conditions, no clear
metabolic programming in the liver of the progeny has
occurred due to maternal RS treatment. Likewise, when
looking at differences on the intestinal level, the intestine
did definitely not seem to be prone to a maternal pro-
gramming, as not many genes were DE, and no modules
were correlated with maternal diet. This lack of intes-
tinal programming is in contrast to other studies investi-
gating the influence of maternal diet additives on gut
health in progeny [11–13]. Possibly source, dose, timing
and duration of the given RS prebiotic could influence
the effectiveness of this programming on a metabolic
and/or intestinal level and these are therefore important
factors to take into account when trying to induce ma-
ternal programming.
Conclusions
In conclusion, no clear effect of maternal dietary RS with
regard to gut health could be translated to the progeny
when given during late gestation and lactation. Minor
changes were seen in the SCFA production, but the gut
microbiota did not change majorly and there were not
many genes differentially expressed due to the maternal
diet, not in colon, nor in liver. A high fat diet given to
the progeny after weaning does however evoke meta-
bolic changes in the liver, but RS was not able to
significantly influence that, not for the better nor for the
worse.
Methods
Animals, diets and housing
Twenty-four Landrace sows from the Walloon Agricul-
tural Research Centre (CRA-W) in Gembloux (Belgium)
were used during this animal experiment; they were arti-
ficially inseminated with Piétrain semen coming from 3
sires, and they were housed in group on straw from 3
days after until 1 week before farrowing. From then on,
they were housed in individual farrowing units equipped
with wood shavings and a heat lamp for piglets. Sows
and piglets up till the moment of weaning were housed
at the CRA-W. All animal procedures were approved by
the ethical committee of the University of Liège (proto-
col n°1661). Sows were fed a standard diet during gesta-
tion until day 88. At day 88 of gestation, sows were
divided in two groups, one group (n = 12) received a diet
containing 33% of standard maize starch, considered as
digestible (DS) while the other group (n = 12) received a
diet rich in pea starch (Nastar, Cosucra, Belgium), con-
sidered as resistant starch (RS) until the end of lactation
(28 days after piglet birth). The diets were adapted for
nutritional requirements of sows for the gestation and
lactation period [16]. The division in groups was made
taking the semen used for mating and the sow’s parity
into account. Within the DS diet, 4 sows were of the
first parity (P1), 2 sows were of second parity (P2), 3
sows were of third parity (P3) and 3 sows had a higher
parity or equal to 4 (P ≥ 4). Within the RS group, the
parities distribution was similar: 4 P1 sows, 2 P2 sows, 4
P3 sows and 2 P ≥ 4 sows. Sows were fed according to
their parity to follow a specific pattern in body weight
increase. On average, the number of piglets born alive
was 13.1 ± 0.9 (mean ± SEM) for RS fed sows and 13.2 ±
0.7 for DS fed sows. Piglets stayed with their respective
mother until weaning at the age of 28 days. At weaning,
44 female piglets were moved to the Centre for Animal
Production at the University of Liège in Gembloux. To
get to 22 piglets per maternal diet, an even number of
piglets (two or four) was selected of 6 sows per maternal
treatment. Piglets were selected based on weights closest
to the average of the litter at time of weaning. The
temperature on the day of arrival was 26 °C, piglets were
housed on grates, two littermates being housed in each
pen. Piglets were fed a standard weaning diet during 21
days, devoid of antibiotics, organic acids or non-starch
polysaccharide enzymes. At day 22 post-weaning, litter-
mate piglets were divided into two groups: one group
was fed a control diet (CON) containing 10% of maize
starch (Roquette, Lestrem, France), while the other
group received a high fat diet (HF) containing 10% of
palm oil (Mosselman S.A., Ghlin, Belgium) to induce a
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high fat challenge. During this challenge, the feed pro-
vided was a grower 1 diet (11-25 kg) followed by a
grower 2 diet (25-50 kg) to reach the nutritional require-
ments considering bodyweight (Table 4). Both diets were
fed ad libitum till the end of the experiment.
The animal experiment ended 10 weeks post-weaning.
Five piglets (2 from the DS CON group, 2 from the DS
HF group and 1 from the RS CON group) facing too se-
vere weight loss after weaning had to be treated with an-
tibiotics and were thus taken out of the experiment,
while one pig (from the RS CON group) died by sudden
death.
Growth performance measurements and sampling
For all the remaining 38 piglets, bodyweight was re-
corded weekly during the whole experiment. Six weeks
after the beginning of the high fat challenge, piglets were
fasted for 12 h and blood was sampled in 9-ml serum
tubes (S-monovette, Sarstedt, Germany). After centrifu-
gation at 2000 g for 10 min, serum was collected and
stored at −20 °C until cholesterol components were mea-
sured. Two days before slaughtering, back fat, muscle
thickness and meat percentage were determined. Back
fat and muscle thickness were measured at the last rib at
60 mm from the midline. Back fat was measured using
the Renco LEAN-MEATER® (S.E.C. Repro. Inc., Quebec,
Canada) and muscle thickness was measured by the
Vetko plus (Noveko, Quebec, Canada). At the end of the
experiment (10 weeks post-weaning), the piglets were
anesthetized with a mixture of xylazine and zoletil 100
(4 mg of xylazine, 2 mg of zolazepam and 2mg of tila-
mine/kg) and euthanized by an overdose of isoflurane
followed by exsanguination. Content of the caecum,
proximal colon (first part of the large intestine after the
ileocaecal valve) and distal colon (last part of the large
intestine before the rectum) was collected in sterile
Table 4 Ingredients and analysed chemical composition of grower diets fed to piglets
Ingredient (%) Grower 1 (11–25 kg) Grower 2 (25–50 kg)
CON HF CON HF
Barley 17.7 17.7 11.25 11.25
Maize 13.5 13.5 9.4 9.4
Wheat 13 13 27 27
Soybean meal 48% 12.1 12.1 14.2 14.2
Palm oil – 10 – 10
Maize starch 10 – 10 –
Golden soy 9 9 0 0
Nutex 68 (Dumoulin Inc) 4.5 4.5 0 0
Bread flour 4.5 4.5 4.95 4.95
Biscuit flour 4.5 4.5 4.95 4.95
wheat bran 3.6 3.6 2.34 2.34
Rapeseed cake 2.2 2.2 4.95 4.95
Sunflower cake 0 0 3.15 3.15
Chalk 1.5 1.5 1.36 1.36
Beet pulp 1.3 1.3 1.8 1.8
Fat 0 0 1.67 1.67
Maize gluten 0 0 1.188 1.188
Amino acids (Thr, Try, Met, Lys) 1.132 1.132 0.775 0.775
Minerals & Vitamins 0.603 0.603 0.369 0.369
Salt 0.4 0.4 0.333 0.333
Molasses 0 0 0.36 0.36
Analysed chemical composition (%)
Dry Matter 88.8 89.7 89.94 89.41
Crude Protein 18.03 17.81 18.40 18.84
Ether Extract 5.05 15.94 4.77 14.88
Acid Detergent Fibre 5.15 5.55 5.29 5.37
Neutral Detergent Fibre 12.69 13.83 13.65 14.65
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tubes and stored at − 80 °C until further analyses of the
SCFA and microbiota. Mucosa of the proximal colon
was obtained after rinsing the colon with a saline solu-
tion and scraping it on a cold surface. The mucosa was
then snap-frozen in liquid nitrogen and stored at − 80 °C
until RNA extraction. Also liver tissue was snap-frozen
and stored at − 80 °C until RNA extraction.
Cholesterol and triglycerides measurements
For 28 piglets (7 per sow/piglet dietary treatment combin-
ation), serum total cholesterol (TC), triglycerides (TG)
and high density lipoprotein (HDL) were analysed with
TRIGL, CHOL2 and HDLC3 packs on a Cobas 8000 in-
strument (Cobas, Roche, Switzerland). The low density
lipoprotein (LDL) concentration was calculated following
the formula by Friedewald et al. [43]: LDL =TC-HDL-
TG/5.
Short-chain fatty acid (SCFA) and microbiota composition
Of all 38 piglets that made it to the end of the trial
short-chain fatty acids of piglets’ caecal and colonic con-
tents were determined using HPLC as described earlier
[16]. DNA was extracted from the proximal colon of 32
piglets, 8 per sow/piglet treatment combination and 16S
rRNA sequencing was performed as described by Leblois
et al. [16]. In short, the QiagenQIAamp stool Minikit
(Qiagen, Germany) was used following the manufac-
turer’s protocol, preceded with two additional bead beat-
ing steps to improve sample homogenization.
Sequencing was performed by DNA-Vision (Belgium)
using the Illumina MiSeq (2 × 300 nt) and amplifying the
V3-V4 region (forward primer: 5′-TCGTCGGCAG
CGTCAGATGTGTATAAGAGACAGCCTACGGGNG
GCWGCAG-3′ and reverse primer: 5′-GTCTCGTGGG
CTCGGAGATGTGTATAAGAGACAGGACTACHVG
GGTATCTAATCC-3′). Bioinformatics on the raw se-
quences was performed as previously described by
Leblois et al. [16]. Also in this set of samples, variable
numbers of sequences were found and therefore samples
were rarefied to a similar sequence depth of 47,788 reads
per sample.
Statistical analyses
For growth performance parameters, cholesterol compo-
nent levels and the SCFA quantities in the caecal and
colonic contents statistical analyses were performed with
SAS 9.2 software (SAS Inc., USA) using the MIXED pro-
cedure of SAS, including the maternal diet and the piglet
treatment in a two-way ANOVA. Normality of the data
was tested using the Shapiro-Wilk’s test at a significance
level of p = 0.05 and variance equality was assessed using
the Levene’s test. Since normality of the data was not
achieved for microbiota composition, the non-
parametric NPA1WAY test of SAS was used, either
considering the maternal diet, the piglet diet or both in
a 4 treatment setup. Data was corrected for multiple
testing using a Benjamini-Hochberg false discovery rate.
RNA extraction, library construction and RNA-seq
processing
Total RNA was extracted from proximal colon mucosal
tissue and liver tissue using the ReliaPrep™ RNA Tissue
Miniprep System kit (Promega, USA) according to the
manufacturer’s protocol and adding a bead beating step.
The RNA concentration was quantified using a Nano-
Drop ND-2000 spectrophotometer (Nano-Drop Tech-
nologies, USA) and the quality was assessed using an
Agilent Bioanalyzer 2100 (Agilent Technologies, Inc.,
USA). RIN values were checked to be at least 8.0 before
further processing. Using the Illumina TruSeq kit, librar-
ies were constructed of the colon mucosal and liver tis-
sue samples of 32 piglets in total, 8 per sow/piglet
treatment combination. RNA-sequencing was performed
at GIGA, at the University of Liège. Seventy-five bp
single-end sequencing was performed using the Illumina
HiSeq™ 2000 platform. Reads were aligned to the latest
porcine reference genome available on NCBI: Sus scrofa
annotation release 106. This annotation is based on the
Sus scrofa genome assembly v11.1. Mapping was done
using STAR [44]. Quality control was performed using
FASTQC [45] and Picard Tools (https://broadinstitute.
github.io/picard/).
Differential expression (DE) analyses
After inspection of the expression data by heatmap ana-
lyses one sample was dropped for further analyses in
both the colon mucosal and liver tissue dataset (Supple-
mentary Figure 2A and 2B). Low reads were subse-
quently filtered out so that the remaining datasets
consisted of only those genes that had at least 10 counts
in 90% of the samples. For the liver this resulted in 13,
735 genes, for the colon 14,723 genes passed the thresh-
old. To find differentially expressed genes, the R package
DESeq2 [46] was conducted on each tissue separately. A
likelihood ratio test was used to test the interaction ef-
fect of sow treatment (maternal diet of DS versus RS)
and piglet treatment (piglet diet of CON vs HF). Since
no gene displayed a significant interaction effect, the
final model used for DE analysis included only the main
effects of sow and piglet treatment. Genes were consid-
ered as DE when the difference between treatments was
significant after adjusting for multiple testing using
Benjamini-Hochberg (FDR < 0.1) (Additional file 4).
Validation through qPCR
RNA was reverse transcribed using GoScript TM Re-
verse Transcription Mix (Promega, USA), following the
manufacturer’s instructions. Intron-spanning primers
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were found in literature or designed using Primer3 [47].
Primers are shown in Table 5.
qPCR was performed on a StepOne Plus (Applied Bio-
systems, USA) using SYBR Premix Ex Taq Tli RNAse H
Plus (TakaraBio, Japan). The program used was a stand-
ard program with denaturation at 95 °C for 5 s, followed
by 40 cycles of annealing at 60 °C for 30s and elongation
at 72 °C for 30s. Primer efficiencies between 100 and
110% were obtained and primer specificity was checked
through melting curve analyses.
WGCNA analyses
For both datasets, weighted gene co-expression network
analysis (WGCNA) was used to cluster highly correlated
genes and to find modules whose expression was signifi-
cantly correlated with the treatments [50]. Sow treat-
ment correlations were made coding the control diet DS
as 0 and the experimental diet RS as 1. Piglet treatment
correlations were made coding the control diet CON as
0 and the experimental diet HF as 1. Modules were con-
sidered to be interesting when the nominal p-value for
their correlation with the treatment was p < 0.05. Add-
itionally, other traits were examined such as piglet
weight, back fat, muscle thickness and meat percentage
at 10 weeks of age to see if these traits were correlated
with the significant modules for the main effects. A sup-
plementary correlation analyses was performed between
the eigenvalue of the modules for those samples of
which also cholesterol parameters were measured in
order to obtain knowledge on which modules were cor-
related with those parameters.
Identification of gene functions and pathway analyses
Gene function and pathway analyses were performed
using the gene ontology (GO) tool Panther (version
13.1) [51] with the built-in Sus scrofa reference list and
the Panther pathway and Panther GO-slim biological
process annotation datasets. Additionally, Gorilla GO
[52] was used, for which we set Homo sapiens as the
investigated organism and chose a two unranked lists of
genes approach with as background list all the genes that
had at least 10 reads in 90% of the samples. GO enrich-
ment was done on all sets of DE expressed genes, sepa-
rated by up- and downregulated genes, as well as on the
modules of co-expressed genes that were significant for
sow and piglet treatment. The cut-off for considering a
function to be over-represented was set at an FDR <
0.05.
Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s12864-020-06854-x.
Additional file 1: Supplementary Figure 1. Piglet bodyweight from
the moment of weaning at 4 weeks of age until 10 weeks of age. Piglet
HF or CON diets were given starting at week 7. Digestible Starch (DS),
Resistant Starch (RS), Control (CON), High Fat (HF).
Additional file 2: Supplementary Figure2A and 2B. Heatmap of all
colon samples (A) and all liver samples (B) in our experiment. Sample C27
was dropped for further analyses in the colon dataset, and sample F23
was dropped for further analyses in the liver dataset. Both these samples
belonged to the group of piglets whose mother received the RS diet and
themselves received the CON diet.
Additional file 3: Supplementary Figure 3A and 3B. Overview of
correlations of the all modules in colon (A) or liver (B). Correlations were
calculated between the eigenvalue of the module and traits of interest:
sow treatment (DS as 0, CON as 1), piglet treatment (CON as 0, HF as 1),
piglet weight, backfat thickness, muscle thickness and meat percentage.
Additional file 4 Differential Expressed (DE) Gene Ontology (GO) term
enrichment. Genes were considered as DE when the difference between
treatments was significant after adjusting for multiple testing using
Benjamini-Hochberg (FDR < 0.1). DE was investigated with regard to ma-
ternal diet (Digestible Starch (DS) vs Resistant Starch (RS) diet) and piglet
treatment (Control (CON) vs High Fat (HF) diet). For all genes, the ‘log2
fold change’ and recalculated fold change is shown, as well as the ‘(ad-
justed) p-value’ for that fold change. Other metrics shown are ‘baseMean’,
or the mean of the normalized counts for all samples, ‘lfcSE’, or the stand-
ard error estimate for the log2 fold change estimate and ‘stat’, the Wald
statistic for the comparison examined.
Additional file 5. Differential Expressed (DE) Gene Ontology (GO) term
enrichment. GO enrichment was performed on all differential expressed
(DE) genes (FDR < 0.1) in the liver between piglets that received the
control (CON) diet versus piglet that received the high fat (HF) diet. The
GO enrichment tool Panther (version 13.1) was used and Pathways and
Slim Biological Processes were examined.
Additional file 6. WGCNA Modules Gene Ontology (GO) term
enrichment. GO enrichment performed on all differential expressed (DE)
genes (FDR < 0.1) in the significant WGCNA modules of the colon or liver
datasets. The GO enrichment tool Panther (version 13.1) was used and
Pathways and Slim Biological Processes were examined.
Abbreviations
RS: Resistant Starch; SCFA: Short chain fatty acids; DS: Digestible Starch;
CON: Control; HF: High fat; TC: Total cholesterol; TG: Triglycerides; HDL: High
density lipoprotein; LDL: Low density lipoprotein; DE: Differential expression;
WGCNA: Weighted gene co-expression network analysis; GO: Gene ontology;
ASNS: Asparagine Synthetase; FGF21: Fibroblast Growth Factor 21;
ELOVL2: Elongation of Very Long Chain Fatty Acids protein 2; FETUB: Fetuin-
B; PKLR: Pyruvate Kinase; FMO: Flavin containing monooxigenases activity
Acknowledgements
The authors would like to acknowledge the laboratory of Dr. Hardy for
performing the blood cholesterol analyses and the feed companies
Roquette, Cosucra and Dumoulin for providing the ingredients or feed
Table 5 Primers used for qPCR validation
Gene Primer Sequence (5′ -- > 3′) Reference
ELOVL2 F: ATCTGGTGGTGTGTGCTGAA Own design
R: GGAAGATGAGACAGCCGAAG
FGF21 F: GAAGCCAGGGGTCATTCAAA Rosenbaum et al. [48]
R: GGTAAACGTTGTAGCCATCC
PPIA F: ACTGCCAAGACTGAGTGGTAAG Own design
R: CAGAGCAGGAACCAACAGCG
GAPDH F: CATCCATGACAACTTCGGCA Chatelais et al. [49]
R: GCATGGACTGTGGTCATGAGTC
Schroyen et al. BMC Genomics          (2020) 21:439 Page 13 of 15
formulation. The Walloon Agricultural Research Centre is also acknowledged
for providing the sows and care to the piglets until weaning. Part of the
results of this paper was presented at the International Society of Animal
Genetics in 2019 and can be found at https://www.isag.us/Docs/
Proceedings/ISAG2019_Proceedings.pdf.
Authors’ contributions
MS and JL wrote the paper. NE conceived and supervised the study. NE, JB,
JW and JL developed the experimental design. JW provided animal
resources. JL and BL organized the animal trails and samplings. JL and BL
performed SCFA analyses and extracted DNA and RNA. SM and EAS
conducted and analysed the microbiota analyses. MS executed DE, WGCNA
and GO analyses. JU conducted qPCR validation. JL and MS performed
statistical analyses. All authors, MS, JL, JU, BL, EAS, SM, JW, JB, NE, have read,
edited and approved the manuscript.
Funding
This work was supported by the Fonds de la Recherche Scientifique – FNRS
under Grant n°31248729 to Dr. Everaert. The funders had no role in study
design, data collection and analysis, decision to publish, or preparation of
the manuscript.
Availability of data and materials
All relevant data generated or analysed during this study are included in this
article and its additional files. All raw microbiota and RNAseq sequences
were submitted to the European Nucleotide Archive database under the
accession number PRJEB33554. The reference dataset used to annotate the
RNA-seq data was the latest porcine reference genome available on NCBI:
Sus scrofa annotation release 106, based on the genome assembly v11.1
(https://www.ncbi.nlm.nih.gov/genome/annotation_euk/Sus_scrofa/106/).
Ethics approval and consent to participate
Animal care and all animal experiments performed at the CRA-W and the
Centre for Animal Production at the university of Liège were submitted and
approved by the local ethics committee of the University of Liège (Commis-
sion Éthique Animale ULg, protocol n° 1661). CRA-W and University of Liège
were both demander of the ethical dossier. The ethics committee approved




The authors have declared that no competing interests exist.
Author details
1Precision Livestock and Nutrition Laboratory, Teaching and Research Centre
(TERRA), Gembloux AgroBioTech, University of Liège, Passage des Déportes 2,
5030 Gembloux, Belgium. 2Association Wallonne de l’Elevage asbl (AWÉ),
Champs Elysées 4, 5590 Ciney, Belgium. 3Laboratory of Urban and Integrated
PhytoPathology, Teaching and Research Centre (TERRA), Gembloux
AgroBioTech, University of Liège, 5030 Gembloux, Belgium. 4Production and
Sectors Department, Walloon Agricultural Research Centre (CRA-W), 5030
Gembloux, Belgium.
Received: 20 March 2019 Accepted: 19 June 2020
References
1. Roberfroid M. Prebiotics: the concept revisited. J Nutr. 2007;137(3 Suppl2):
830S–7S.
2. Regassa A, Nyachoti CM. Application of resistant starch in swine and poultry
diets with particular reference to gut health and function. Anim Nutr. 2018;
4(3):305–10.
3. Haenen D, Zhang J, Souza da Silva C, Bosh G, van der Meer IM, van Arkel J,
van den Borne JJ, Pérez Gutiérrez O, Smidt H, Kemp B, Müller M, Hooiveld
GJ. A diet high in resistant starch modulates microbiota composition, SCFA
concentrations, and gene expression. J Nutr. 2013;143(3):274–83.
4. Metzler-Zebeli BU, Newman MA, Grüll D, Zebeli Q. Consumption of
transglycosylated starch down-regulated expression of mucosal innate
immune response genes in the large intestine using a pig model. Br J Nutr.
2018;119(12):1366–77.
5. Haenen D, Souza da Silva C, Zhang J, Koopmans SJ, Bosch G, Vervoort J,
Gerrits WJ, Kemp B, Smidt H, Müller M, Hooiveld GJ. Resistant starch induces
catabolic but suppresses immune and cell division pathways and changes
the microbiome in the proximal colon of male pigs. J Nutr. 2013;143(12):
1889–98.
6. Fan MZ, Archbold T, Lackeyram D, Liu Q, Mine Y, Paliyath G. Consumption
of guar gum and retrograded high-amylose corn resistant starch increases
IL-10 abundance without affecting pro-inflammatory cytokines in the colon
of pigs fed a high-fat diet. J Anim Sci. 2012;90(Suppl 4):278–80.
7. Rideout TC, Harding SV, Raslawsky A, Rempel CB. Dietary resistant starch
supplementation increases high-density lipoprotein particle number in pigs
fed a western diet. J Diet Suppl. 2017;14(3):334–45.
8. Newman MA, Petri RM, Grüll D, Zebeli Q, Metzler-Zebeli BU.
Transglycosylated starch modulates the gut microbiome and expression of
genes related to lipid synthesis in liver and adipose tissue of pigs. Front
Microbiol. 2018;9:224.
9. Mohamed AB, Rémond D, Chambon C, Sayd T, Hébraud M, Capel F, Cohade
B, Hafnaoui N, Béchet DE, Coudy-Gandilhon C, Migné C, David J, Dardevet
D, Doré J, Polakof S, Savary-Auzeloux I. A mix of dietary fermentable fibers
improves handling by the liver of overfed minipigs. J Nutr Biochem. 2019;
65:72–82.
10. Lallès JP. Long term effects of pre- and early postnatal nutrition and
environment on the gut. J Anim Sci. 2012;90(Suppl 4):421–9.
11. Le Bourgot C, Le Normand L, Formal M, Respondek F, Blat S, Apper E,
Ferret-Bernard S, Le Huërou-Luron I. Maternal short-chain fructo-
oligosaccharide supplementation increases intestinal cytokine secretion,
goblet cell number, butyrate concentration and Lawsonia intracellularis
humoral vaccine response in weaned pigs. Br J Nutr. 2017;117(1):83–92.
12. Gabler NK, Spencer JD, Webel DM, Spurlock ME. In utero and postnatal
exposure to long chain (n-3) PUFA enhances intestinal glucose absorption
and energy stores in weanling piglets. J Nutr. 2007;137(11):2351–8.
13. Cheng C, Wei H, Xu C, Xie X, Jiang S, Peng J. Maternal soluble fiber diet
during pregnancy changes the intestinal microbiota, improves growth
performance and reduces intestinal permeability in piglets. Appl Environ
Microbiol. 2018;84(17):e01047–18.
14. Paul HA, Bomhof MR, Vogel HJ, Reimer RA. Diet-induced changes in
maternal gut microbiota and metabolomics profiles influence programming
of offspring obesity risk in rats. Sci Rep. 2016;6:20683.
15. Hsu CN, Lin YJ, Hou CY, Tain YL. Maternal administration of probiotic or
prebiotic prevents male adult rat offspring against developmental
programmng of hypertension induced by high fructose consumption in
pregnancy and lactation. Nutrients. 2018;10(9):1229.
16. Leblois J, Massart S, Soyeurt H, Grelet C, Dehareng F, Schroyen M, Li B,
Wavreille J, Bindelle J, Everaert N. Feeding sows resistant starch during
gestation and lactation impacts their faecal microbiota and milk
composition but shows limited effects on their progeny. PLoS One. 2018;
13(7):e0199568.
17. Bindels LB, Segura Munoz RR, Gomes-Neto JC, Mutemberezi V, Martinez I,
Salazar N, Cody EA, Quintero-Villegas MI, Kittana H, de Los Reyes-Gavilán CG,
Schmaltz RJ, Muccioli GG, Walter J, Ramer-Tait AE. Resistant starch can
improve insulin sensitivity independently of the gut microbiota.
Microbiome. 2017;5(1):12.
18. Bronkowska M, Orzeł D, Łoźna K, Styczyńska M, Biernat J, Gryskin A, Zieba T,
Kapelko M. Effect of resistant starch RS4 added to the high-fat diets on
selected biochemical parameters in Wistar rats. Rocz Panstw Zakl Hig. 2013;
64(1):19–24.
19. Zhang M, Yang X. Effets of a high fat diet on intestinal microbiota and
gastrointestinal diseases. World J Gastroenterol. 2016;22(40):8905–9.
20. Koh A, De Vadder F, Kovatcheva-Datchary P, Bäckhed F. From dietary fiber
to host physiology: short-chain fatty acids as key bacterial metabolites. Cell.
2016;165(6):1332–45.
21. Vos AP, M’Rabet L, Stahl B, Boehm G, Garssen J. Immune-modulatory effects
and potential working mechanisms of orally applied nondigestible
carbohydrates. Crit Rev Immunol. 2007;27(2):97–140.
22. Trachsel J, Briggs C, Gabler NK, Allen HK, Loving CL. Dietary resistant potato
starch alters intestinal microbial communities and their metabolites, and
markers of immune regulation and barrier function in swine. Front
Immunol. 2019;10:1381.
Schroyen et al. BMC Genomics          (2020) 21:439 Page 14 of 15
23. Yan H, Lu H, Almeida VV, Ward MG, Adeola O, Nakatsu CH, Ajuwon KM.
Effects of dietary resistant starch content on metabolic status, milk
composition, and microbial profiling in lactating sows and on offspring
performance. J Anim Physiol Anim Nutr. 2017;1010(1):190–200.
24. Feyera T, Højgaard CK, Vinther J, Bruun TS, Theil PK. Dietary supplement rich
in fiber fed to late gestating sows during transition reduces rate of stillborn
piglets. J Anim Sci. 2017;95(12):5430–8.
25. Xie C, Guo X, Long C, Fan Z, Xiao D, Ruan Z, Deng ZY, Wu X, Yin Y.
Supplementation of the sow diet with chitosan oligosaccharide during late
gestation and lactation affects hepatics gluconeogenesis of suckling piglets.
Anim Reprod Sci. 2015;159:109–17.
26. Arnal ME, Zhang J, Erridge C, Smidt H, Lallès JP. Maternal antibiotic-induced
early changes in microbial colonization selectively modulate colonic
permeability and inducible heat shock proteins, and digesta concentration
of alkaline phosphatase and TLR-stimulants in swine offspring. PLoS One.
2015;10(2):e0118092.
27. Le Bourgot C, Ferret-Bernard S, Le Normand L, Savary G, Menendez-Aparicio
E, Blat S, Appert-Bossard E, Respondek F, Le Huërou-Luron I. Maternal short-
chain fructooligosaccharide supplementation influences intestinal immune
system maturation in piglets. PLoS One. 2014;9(9):e107508.
28. Nielsen TS, Theil PK, Purup S, Nørskov NP, Back Knudsen KE. Effects of
resistant starch and arabinoxylan on parameters related to large intestinal
and metabolic health in pigs fed fat-rich diets. J Agric Food Chem. 2015;
63(48):10418–30.
29. Sun Y, Yu K, Zhou L, Fang L, Su Y, Zhu W. Metabolomic and transcriptomic
responses induced in the livers of pigs by the long-term intake of resistant
starch. J Anim Sci. 2016;94(3):1083–94.
30. Wang C, Tao Q, Wang X, Wang X, Zhang X. Impact of high-fat diet on liver
genes expression profiles in mice model of nonalcoholic fatty liver disease.
Environ Toxicol Pharmacol. 2016;45:52–62.
31. Christoffersen B, Straarup EM, Lykkegaard K, Fels JJ, Sass-Ørum K, Zhang X,
Raun K, Andersen B. FGF21 decreases food intake and body weight in
obese Gôttingen minipigs. Diabetes Obes Metab. 2018;21(3):592–600.
32. Wang Y, Liu X, Hou L, Wu W, Zhao S, Xiong Y. Fibroblast growth factor 21
surppresses adipogenesis in pig intramuscular fat cells. Int J Mol Sci. 2015;
17(1):11.
33. Hui Q, Huang Z, Pang S, Yang X, Li J, Yu B, Tang L, Li X, Wang X. Two-
hundred-liter scale fermentation, purification of recombinant human
fibroblast growth factor-21, and its anti-diabetic effects on Ob/Ob mice.
Appl Microbiol Biotechnol. 2018;103(2):719–30.
34. Li H, Wu G, Fang Q, Zhang M, Hui X, Sheng B, Wu L, Bao Y, Li P, Xu A,
Jia W. Fibroblast growth factor 21 increases insulin sensitivity through
specific expansion of subcutaneous fat. Nat Commun. 2018;9(1):272.
35. Kamalam BS, Panserat S, Aguirre P, Geurden I, Fontagné-Dicharry S, Médale
F. Selection for high muscle fat in rainbox trout induces potentially higher
chylomicron synthesis and PUFA biosynthesis in the intestine. Comp
Biochem Physiol A Mol Integr Physiol. 2013;164(2):417–27.
36. Cruciani-Guglielmacci C, Bellini L, Denom J, Oshima M, Fernandez N,
Normandie-Levi P, Berney XP, Kassis N, Rouch C, Dairou J, Gorman T, Smith
DM, Marley A, Liechti R, Kuznetsov D, Wigger L, Burdet F, Lefèvre AL, Wehrle
I, Uphues I, Hildebrandt T, Rust W, Bernard C, Ktorza A, Rutter GA,
Scharfmann R, Xenarios I, Le Stunff H, Thorens B, Magnan C, Ibberson M.
Molecular phenotyping of multiple mouse strains under metabolic
challenge uncovers a role for Elovl2 in glucose-induced insulin secretion.
Mol Metab. 2017;6(4):340–51.
37. Kralisch S, Hoffmann A, Lössner U, Kratzsch J, Blüher M, Stumvoll M,
Fasshauer M, Ebert T. Regulation of the novel adipokines/hepatokines fetuin
a and fetuin B in gestational diabetes mellitus. Metabolism. 2017;68:88–94.
38. Li Z, Liu C, Shi X, Chen Z, Wang D, Li L, Tu Y, Lin M, Liu S, Yang S, Li X.
Common genetic variants in the FETUB locus, genetically predicted fetuin-B
levels, and risk of insulin resistance in obese Chinese adults. Medicine
(Baltimore). 2017;96(50):e9234.
39. Wang H, Hays NP, Das SK, Craig RL, Chu WS, Sharma N, Elbein SC.
Phenotypic and molecular evaluation of a chromosome 1q region with
linkage and association to type 2 diabetes in humans. J Clin Endocrinol
Metab. 2009;94(4):1401–8.
40. Borbàs T, Benko B, Dalmadi B, Szabó I, Tihanyi K. Insulin in Flavin-containing
monooxygenase regulation. Flavin-containing monooxygenase and
cytochrome P450 activities in experimental diabetes. Eur J Pharm Sci. 2006;
28(1–2):51–8.
41. Gaur P, Cebula M, Riehn M, Hillebrand U, Hauser H, Wirth D. Diet induced
obesity has an influence on intrahepatic T cell responses. Metabolism. 2017;
69:171–6.
42. He B, Wu L, Xie W, Shao Y, Jiang J, Zhao Z, Yan M, Chen Z, Cui D. The
imbalance of Th17/Treg cells is involved in the progression of nonalcoholic
fatty liver disease in mice. BMC Immunol. 2017;18(1):33.
43. Friedewald WT, Levy RI, Fredrickson DS. Estimation of the concentration of
low-density lipoprotein cholesterol in plasma without use of the preparative
ultracentrifuge. Clin Chem. 1972;18(6):499–502.
44. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, Batut P,
Chaisson M, Gingeras TR. STAR: ultrafast universal RNA-seq aligner.
Bioinformatics. 2013;29(1):15–21.
45. Andrew S. FastQC: a quality control tool for high throughput sequence
data. UK: Babraham Institute; 2010. [updated 2018 October 4; cited 2019
March 1]. Available from http://www.bioinformatics.babraham.ac.uk/
projects/fastqc.
46. Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15:550.
47. Untergrasser A, Cutcutache I, Koressaar T, Ye T, Faircloth BC, Remm M,
Rozen SG. Primer3 – new capabilities and interfaces. Nucleic Acids Res.
2012;40(15):e115.
48. Rosenbaum S, Ringseis R, Most E, Hillen S, Becker S, Erhardt G, Reiner G,
Eder K. Genes involved in carnitine synthesis and carnitine uptake are up-
regulated in the liver of sows during lactation. Acta Vet Scand. 2013;55:24.
49. Chatelais L, Jamin A, Gras-Le Guen C, Lallès JP, Le Huërou-Luron I, Boudry G.
The level of protein in milk formula modifies ileal sensitivity to LPS later in
life in a piglet model. PLoS One. 2011;6(5):e19594.
50. Langfelder P, Horvath S. WGCNA: an R package for weighted correlation
network analysis. BMC Bioinform. 2018;9:559.
51. Mi H, Huang X, Muruganujan A, Tang H, Mills C, Kang D, Thomas PD.
Panther version 11: expanded annotation data from gene ontology and
Reactome pathways, and data analysis tool enhancements. Nucleic Acids
Res. 2017;45(D1):D183–9.
52. Eden E, Navon R, Steinfeld I, Lipson D, Yakhini Z. Gorilla: a tool for discovery
and visualization of enriched GO terms in ranked gene lists. BMC Bioinform.
2019;10:48.
Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Schroyen et al. BMC Genomics          (2020) 21:439 Page 15 of 15
